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Objectives: to investigate endogenous pulmonary nitric oxide metabolism following infrarenal aortic cross-clamp-induced
ischaemia–reperfusion injury.
Methods: groups of male Wistar rats (n=6) were subjected to 60 minutes of infrarenal aortic cross-clamping under
general anaesthesia. Rats were culled after 0, 60 and 120 minutes’ reperfusion, following release of the aortic clamp. A
sham-operated control group was also studied. Acute lung injury (ALI) was quantified by measuring the protein
concentration in lung bronchoalveolar lavage (BAL) fluid. Pulmonary myeloperoxidase activity (MPO) was measured as
an index of neutrophil infiltration and degranulation in the lung. Plasma tumour-necrosis factor-alpha (TNF-a) was
measured as an index of the pro-inflammatory cytokine response and pulmonary nitric oxide synthase (NOS) activity
was determined by measuring conversion of 3H L-arginine to 3H L-citrulline in tissue homogenates.
Results: these data show significant ALI with increased pulmonary microvascular permeability and MPO activity in
animals subject to 60 minutes’ ischaemia and 60 minutes or 120 minutes of reperfusion compared to control animals
(p<0.01). Plasma TNF-a levels were significantly increased following 60 minutes of ischaemia compared to controls
(p<0.01) and remained significantly increased in animals subject to reperfusion (p<0.01). Pulmonary NOS activity was
significantly increased in animals subject to reperfusion (p<0.01).
Conclusions: the reperfusion phase of infrarenal aortic cross-clamping provokes a significant increase in pulmonary
NOS metabolism. The increase in plasma TNF-a and MPO activity suggests that this response may be secondary to
inducible NOS expression. Manipulation of this response may benefit patients at risk of acute injury following infrarenal
aortic reconstruction.
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Introduction Although IRI invariably follows aortic cross-clamp-
ing, its effects are usually limited by local control
Acute lung injury (ALI) following aortic cross-clamping mechanisms, and ALI is usually not a clinical problem
following elective AAA repair where cardiac eventsduring surgical repair of abdominal aortic aneurysms
(AAAs) is caused by ischaemia–reperfusion injury are the major cause of death. However, during rup-
tured AAA repair, further tissue insults occur caused(IRI).1–4 In this process free radicals generated by the
xanthine–oxidase pathway cause lipid peroxidation of by hypovolaemia, acidosis, blood transfusion and
hypothermia, and these may lead to clinically de-cell membranes and activate the vascular endothelium
in local and remote sites including the lung.5,6 Endo- tectable ALI. The clinical presentation is one of pro-
gressive hypoxia, non-cardiogenic pulmonary oedemathelial cell activation leads to a host of responses, in-
cluding changes in the microcirculation, activation of and the adult respiratory-distress syndrome, which
has a high mortality.complement, production of pro-inflammatory cytokines
and neutrophil–endothelial interactions. Activated Nitric oxide (NO) is a simple, ubiquitous molecule
in biological systems, which is a potent vasodilator,neutrophils marginate into the tissues and cause tissue
injury via the respiratory burst where they release controls vascular tone, inhibits platelet-aggregation
and endothelial–neutrophil interaction.10 NO is formedfurther free radicals, oxidants and proteases.7–9
as a by-product of the conversion of L-arginine to L-
*Winner of the European Society for Vascular Surgery prize for citrulline by a group of enzymes called the nitric oxide
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under physiological conditions and an inducible iso- The broncheoalveolar lavage fluid was centrifuged for
5 minutes at 13 000 g to remove any cellular debrisform (iNOS), which is expressed when activated by
pro-inflammatory cytokines.11 and the protein content in the remaining supernatant
was measured spectrophotometrically using BradfordNitric oxide may have both beneficial and harmful
roles in IRI. Its vasodilatory and antiplatelet effects reagent (Sigma, U.K.) and bovine serum albumin
(Sigma, U.K.) as standard.14might be expected to ameliorate poor microcirculatory
flow, but NO is also a source of the peroxinitrite
radical, which may cause further tissue injury.12,13 The
aim of this study was to investigate acute lung injury
Plasma tumour necrosis factor-alphaand endogenous nitric oxide metabolism following
infrarenal aortic cross-clamp-induced IRI.
Plasma TNF-a was measured as an index of the pro-
inflammatory cytokine response. Blood samples col-
lected during exsanguination were centrifuged atMethods
13 000 g for 5 minutes and plasma TNF-a levels were
measured using a commercially available rat-specificGroups of adult male Wistar rats (n=6) weighing
TNF-a enzyme-linked immunoabsorbent (ELISA)450–500 g were anaesthetised with halothane (Zeneca,
assay (Endogen, U.K.).U.K.), and placed supine on a heated mat. One ml per
hour of sterile saline was injected subcutaneously
into the nape of the neck to replace surgical fluid
losses from evaporation. A midline laparotomy was Myeloperoxidase assay
performed and a window dissected in the retro-
peritoneum to expose the infrarenal aorta. A micro- Myeloperoxidase (MPO) is a haem-containing enzyme
vascular occlusion clamp was applied to the aorta just located within the azurophil granules of neutrophils,
below the renal arteries for 60 minutes. Sham-operated and its measurement allows quantitative assessment
control animals underwent exposure of the infrarenal of pulmonary neutrophil leucosequestration. After
aorta but no clamp. After the ischaemic period, animals weighing, the lung assay sample was homogenised in
were either culled immediately by exsanguination via 5 ml of 0.5% hexadecyltrimethyl ammonium bromide
the aorta (n=6) or culled after a period of reperfusion (Sigma, U.K.) in 50 mmol pH 6 potassium phosphate
of 60 minutes (n=6) or 120 minutes (n=6). Blood was buffer. The homogenate was freeze-thawed twice then
collected and stored for subsequent analysis of tumour centrifuged at 13 000 g for 5 minutes. The resulting
necrosis factor-alpha (TNF-a). Following this, a median supernatant was assayed spectrophotometrically for
sternotomy was performed, and the left main bronchus MPO activity by incubating 0.1 ml of supernatant with
and right lower lobe bronchus were clamped. The tra- 2.9 ml of solution B. Solution B was prepared by
chea was cannulated and the right upper and middle dissolving 2.9 ml of O-dionisidine hydrochloride
lobes were lavaged three times with 2 ml of saline (Sigma, U.K.) in 90 ml of distilled water and adding
containing 0.07 mmol/l EDTA. The lavage fluid was 10 ml of 50 mmol potassium phosphate buffer (pH6)
collected for subsequent measurement of protein and hydrogen peroxide (final concentration 0.0005%).
content. The right lung hilum and the left lower lobe The change in absorbance with time at 460 nm was
were then clamped and the left upper lobe pulmonary then recorded continuously (Philips PU/VIS spec-
vasculature was flushed with 50 ml of saline via the trophotometer). One unit of myeloperoxidase was de-
right ventricle. Then the left upper lobe was immediately fined as that degrading 1 lmol peroxide per minute
snap-frozen in liquid nitrogen (-80 °C) for subsequent at 25 degrees centigrade. Results were expressed per
measurement of myeloperoxidase activity (MPO). The gram of lung tissue.15
remaining lung tissue was snap-frozen in liquid nitrogen
(-80 °C) and stored for subsequent assay of NOS.
Nitric oxide synthase activity
Assays
Harvested lung tissue was immediately frozen in
liquid nitrogen and stored at-80 °C for determinationBronchoalveolar lavage
of total nitric oxide synthase activity. Nitric oxide
synthase activity was determined by the conversion ofThe protein content in the bronchoalveolar lavage
(BAL) was measured as an index of acute lung injury. 3H L-arginine to 3H L-citrulline in tissue homogenates.
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Table 1. Tumour necrosis factor-a (TNF-a), myeloperoxidase (MPO), bronchoalveolar lavage (BAL) and nitric oxide synthase (NOS)
activity following ischaemia–reperfusion injury.
I:R period Plasma TNF-a MPO activity units/g BAL protein lg/ml NOS picomoles/mg/
(minutes) picogrammes/ml 45 minutes
Control <10 3.5 (2.4–4.1) 100 (62–120) 17.5 (12–30)
60:0 24 (18–32)* 4.6 (3.5–4.9) 115 (100–140) 60 (51–66)*
60:60 52.5 (38–98)* 7.0 (6.5–7.8)* 360 (310–405)* 365 (304–408)*
60:120 73.5 (45–100)* 7.3 (6.2–7.9)* 395 (330–450)* 409 (377–476)*
I:R period: ischaemia–reperfusion period.
* p<0.01 vs. control in each group (Mann–Whitney U-test).
Frozen tissue was homogenised in a buffer containing Results
25 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM ethylene-
glycol - bis(b - aminoethylether) - N,N,N,N - tetraacetic These data show that there was no significant increase
in lung microvascular permeability (as measured byacid (EGTA) and an antiprotease-inhibitor cocktail
containing 4-(2-aminoethyl)benzenesulphonyl flu- BAL protein concentration) following one hour of
ischaemia (Table 1). However, following reperfusionoride (AEBSF), pepstatin-A, trans-epoxysuccinyl-L-
leucylamido(4-guanido)butane (E-64), bestatin, leu- for 60 and 120 minutes, lung microvascular per-
meability increased significantly (p<0.01) (Fig. 1). Sim-peptin and apoprotinin (Alexis, U.K.).
Conversion of 3H L-arginine to 3H L-citrulline by ilarly, MPO activity was significantly raised only in
animals subjected to one hour of ischaemia followedtissue homogenates was measured by incubating 10 ll
homogenate (approximately 50 lg protein) in the pres- by 60 and 120 minutes of reperfusion (Table 1 and Fig.
3). Plasma TNF-a levels were very low in controlence of 25 lm cold L-arginine (Sigma, U.K.), 37 kBq
3H L-arginine (Amersham, U.K.), 25 mM Tris-HCl animals and were significantly raised in animals sub-
jected to 60 minutes of ischaemia alone compared(pH 7.4), 3 lm tetrahydrobiopterin, 1 lm flavin
adenine dinucleotide, 1 lm flavin adenine mono- to control animals (p<0.01). Following a reperfusion
period of 60 minutes and 120 minutes, there was anucleotide, 2 mM NADPH, 1 mM calcium chloride and
0.1 lm calmoduline for 45 min at 37 degrees centigrade further significant increase in plasma TNF-a levels
(Table 1 and Fig. 2). There was a significant increase(Alexis, U.K.). Control reactions were performed with-
out NADPH and incubated in an ice bath. in pulmonary NOS activity in animals subjected to
60 minutes of ischaemia alone compared to controlThe reaction was stopped by dilution with cold
50 mM N-2-hydroxyethylpiperazine-N-2-ethanesul- animals (p<0.01), and animals subjected to one hour
of ischaemia followed by 60 and 120 minutes of re-phonic acid (HEPES) pH 5.5 and 5 mM EDTA. An
acidic resin, which binds all the basic L-arginine, leav- perfusion demonstrated a further significant increase
in pulmonary NOS activity (Table 1 and Fig. 4).ing any neutral 3H L-citrulline free in the reaction
solution, was then applied to the reaction mixtures.
The reaction samples were then filtered through spin
cups and the filtrate transferred to scintillation vials.
The radioactivity was quantified in the filtrate as a
measure of 3H L-citrulline formed from 3H L-arginine.
The protein content of the homogenates was measured
spectrophotometrically with Bradford reagent using
bovine serum albumin as standard. Total nitric oxide
synthase activity was expressed in picomoles of L-
citrulline formed per mg of protein homogenate per
45 min incubation.16,17
Statistics
Fig. 1. Graph showing the effect of ischaemia–reperfusion injury onResults are expressed as medians with ranges. Results
protein content of bronchoalveolar lavage (BAL) fluid. Results arewere analysed using the Mann–Whitney U-test and median, interquartile (box) and range (whiskers).
* p<0.01 vs. control Mann–Whitney U-test.significance was accepted at the p<0.05 level.
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Discussion
The aim of this study was to investigate pulmonary
nitric oxide metabolism following infrarenal aortic
cross-clamp-induced ischaemia–reperfusion injury.
Using the rodent model described, reperfusion times
were varied and pulmonary injury studied with
measurement of the protein content of bronchoalveolar
fluid together with measurement of pulmonary
myeloperoxidase and nitric oxide synthase activity. In
addition, the pro-inflammatory cytokine response was
studied by measuring circulating levels of TNF-a.
These data show that following ischaemia–reperfusion
injury secondary to aortic cross-clamping, there is aFig. 2. Graph showing the effect of ischaemia–reperfusion injury on
significant pro-inflammatory cytokine response withplasma TNF-a levels. Results are median, interquartile (box) and
range (whiskers). significantly raised levels of TNF-a following both
* p<0.01 vs. control Mann–Whitney U-test. the ischaemic and reperfusion periods. In the lung,
significant pulmonary injury was present after re-
perfusion injury with elevated levels of protein in
bronchoalveolar lavage fluid, together with sig-
nificantly raised myeloperoxidase and nitric oxide syn-
thase activity.
In this study total NOS was measured, but it is likely
that iNOS is the major contributor to the increased NOS
levels. It would be possible to detect iNOS by Western
blot analysis of lung homogenates. Plasma TNF-a
levels are raised following ischaemia–reperfusion in-
jury18 and this pro-inflammatory cytokine is a powerful
inducer of iNOS.17 Alveolar macrophages and the pul-
monary vasculature are capable of expressing iNOS19
and a recent study demonstrated increased levels of
both plasma TNF-a and exhaled nitric oxide in rats
Fig. 3. Graph showing the effect of ischaemia–reperfusion injury on following lower torso ischaemia–reperfusion injury.20
pulmonary myeloperoxidase activity. Results are median, inter- The results from this study support the findings
quartile (box) and range (whiskers).
of other workers. Groeneveld et al. demonstrated a* p<0.01 vs. control Mann–Whitney U-test.
systemic pro-inflammatory cytokine response fol-
lowing elective abdominal aneurysm repair which
contributed to transient pulmonary dysfunction.9
Thompson et al. studied both conventional and
endovascular aneurysm repair and demonstrated a
cytokine and free-radical response following isch-
aemia–reperfusion injury.18 Other studies in both ex-
perimental animals and patients have shown acute
lung injury with neutrophil sequestration, increased
pulmonary microvascular permeability and raised
thromboxane A2 levels following lower torso isch-
aemia–reperfusion injury.1–4
Ischaemia–reperfusion injury invariably follows aor-
tic cross-clamping and leads to both local and distant
effects. Lower limb ischaemia may initiate the induc-
tion of iNOS, but our study demonstrated that the
Fig. 4. Graph showing the effect of ischaemia–reperfusion injury on iNOS response was magnified further during reper-
pulmonary nitric oxide metabolism. Results are median, inter-
fusion. Recent studies have demonstrated that the pro-quartile (box) and range (whiskers).
* p<0.01 vs. control Mann–Whitney U-test. inflammatory cytokine TNF-a plays an important role
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